Introduction {#Sec1}
============

Frequency synthesizers are essential building blocks for modern communication systems such as cell phones, radio receivers, TVs, and GPS. These devices consist of a reference quartz crystal oscillator that is phase locked to a voltage controlled oscillator (VCO) through a frequency divider and are used to produce a range of stable output frequencies. However, off-chip components used to implement these devices consume large power and area. MEMS oscillators are promising candidates to replace quartz crystal oscillators in frequency synthesizers since they are CMOS-compatible, can have kHz to GHz operation, have low phase noise and excellent stability^[@CR1]--[@CR8]^. However, they suffer from extremely limited tunability, less than 100 ppm at GHz frequencies, severely restricting their use as a single chip oscillator in the communication systems^[@CR9]^.

Recent achievements in spintronics have enabled development of nanoscale, CMOS-compatible, GHz operation, and tunable spin torque nano oscillators (STNO)^[@CR10]--[@CR14]^. These properties make STNOs promising candidates for communication applications. However, STNOs suffer from low output power and large linewidth^[@CR15]^. Output power of the STNO can be improved by synchronizing a couple of STNOs or making some structural optimizations^[@CR16]--[@CR22]^. Linewidth of the STNO can be reduced using various ways. Injection locking is the most well-known technique where an external signal is injected to reduce the linewidth^[@CR23]--[@CR27]^. An alternative approach is to use a self-delayed feedback in which the current of the STNO is reinjected after a certain delay, reducing the linewidth and critical current needed for oscillations^[@CR28]--[@CR35]^. Alternatively, a multiple peak-high Q HBAR filter is used to reduce the linewidth of the STNOs in the open loop configuration^[@CR36]^. These methods are intended to improve the linewidth of a free running STNO. However, it is also necessary to develop a method that not only improves the linewidth but also provides the integration of the STNO and feedback components on the same chip for a single chip tunable oscillator.

In this paper, we propose MASH oscillators that consist of a three terminal MTJ and an HBAR on the same silicon substrate with CMOS circuits, constituting a single chip oscillator. We have also shown that two-chip version of the MASH oscillators, where HBAR is implemented on a lower loss substrate, show further reduction in the linewidth at the cost of being CMOS-incompatible. Figure [1](#Fig1){ref-type="fig"} summarizes our vision of MASH oscillators with strain, current, or magnetic field feedback. We first develop a model by solving the sLLG equation for magnetization dynamics and transport equations for spin Hall effect (SHE) and MTJ self-consistently with the BVD circuit for the HBAR in a unified SPICE based circuit platform. Each individual component of the model (sLLG, SHE, MTJ, and BVD) is experimentally benchmarked or equivalent to the-state-of the art theoretical prescription^[@CR37]^. Using this model, we compare the proposed MASH oscillators with a free running STNO using identical STNO and HBAR modules. MASH oscillators exhibit up to 50X enhancement in the linewidth, while maintaining the tunability by locking the STNO to the nearest high Q peak of the HBAR.Figure 1Magneto acoustic spin Hall oscillators that combine the tunability of the standard STNO with high Q of the HBAR on a single chip. Voltage oscillations across a three-terminal MTJ is shaped by the transmission response of the HBAR and fed back to the MTJ after a certain delay using (**a**) strain, (**b**) current, or (**c**) magnetic field via a CPW (coplanar waveguide), causing high Q filtering and delayed feedback. Proposed concept shows a significant enhancement in the linewidth with all feedback methods, simultaneously preserving the key frequency tunability feature of STNOs.

Simulation Framework {#Sec2}
====================

In this section, we describe our SPICE-based simulation framework consisting of sLLG and BVD modules used to implement the proposed MASH oscillator model. Identical STNO and HBAR modules are used to compare MASH oscillators with strain, current, and magnetic field feedback. Strain feedback requires an STNO and a 1-port HBAR stress generator on the opposite sides of the substrate whereas current and magnetic field feedback uses an STNO and 2-port HBAR bandpass filter on the same side.

Description of STNO and HBAR modules {#Sec3}
------------------------------------

### STNO module {#Sec4}

STNO consists of two ferromagnetic layers, a fixed and a free layer, separated by an insulator spacer. The free layer of the SNTO is driven into precessional dynamics by an external magnetic field and a spin polarized current that are sensed by an MTJ as voltage oscillations. We model STNOs by a standard LLG equation in the monodomain approximation using the spin-circuit framework developed in ref.^[@CR37]^. The spin-circuit approach allows us to combine the SHE, MTJ, and MEMS circuits in a unified SPICE based circuit platform. Figure [2(a)](#Fig2){ref-type="fig"} presents modular modeling of transport and magnetization dynamics for the STNOs. The time response of the magnetization along the easy axis is calculated using the sLLG equation:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\overrightarrow{H}}_{ext}$$\end{document}$ and *V*~*tune*~. (**d**) Equivalent circuit model for the HBAR where each acoustic mode is modeled as a separate RLC circuit. (**e**) Admittance plots of a single mode resonator (FBAR) and a 2-port HBAR filter, consistent with the Equation ([8](#Equ8){ref-type=""}). HBAR has multiple high Q resonance peaks that are spaced by Δ*f* = 43 MHz depending on the substrate thickness.

### HBAR module {#Sec5}

HBAR is a key element in MASH oscillators since it provides high Q resonance peaks, enabling high Q filtering with an effective delay and maintaining tunability of the STNO. The HBAR consists of a piezoelectric layer sandwiched between two electrodes on an acoustic substrate. The piezoelectric film acts as a transducer to generate standing waves at several wavelengths through the acoustic substrate. The acoustic substrate acts as a resonant cavity so that several resonance peaks occur that are separated from each other by a known frequency spacing, Δ*f*. We use different HBAR designs with a 1 *μ*m AlN layer on top of a 100 *μ*m and 200 *μ*m thick silicon substrates: a) 1-port HBAR stress generator for the strain feedback and b) 2-port HBAR filter to implement the current and magnetic feedback. The frequency of the HBAR is $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}f=\mathrm{(1/2}{t}_{Si})\sqrt{{E}_{Si}/{\rho }_{Si}}=43\,{\rm{MHz}}$$\end{document}$ for a 100 *μ*m thick HBAR design. Figure [2(d)](#Fig2){ref-type="fig"} presents the BVD circuit model of the HBAR where each acoustic mode is defined as a separate RLC circuit^[@CR44]^. The mechanical equivalent of *R*~*xn*~, *L*~*x*~, and *C*~*xn*~ is the damping constant (*b*~*xn*~), equivalent mass (*m*~*x*~), and inverse of equivalent spring constant (1/*k*~*xn*~), respectively. The *R*~*xn*~ is also equal to $\documentclass[12pt]{minimal}
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The BVD circuit can be used to model 1-port stress HBAR generator by removing the transformer at the output. Therefore, the output current of the HBAR becomes equal to the mechanical velocity (∂*x*/∂*t*) and can be converted to the mechanical displacement (*x*) with an integrator. Assuming the stress is uniform through the substrate, strain is approximately equal to *S* = *x*/*t*~*si*~. The 2-port HBAR is modeled using the BVD circuit with two output electrodes. The 2-port configuration can be explained by two coupled HBAR devices where transmission loss is determined by the gap between the electrodes. We use identical parameters for both 1-port and 2-port HBAR designs in order to make an accurate comparison between different feedback methods. Figure [2(e)](#Fig2){ref-type="fig"} compares admittance plots of a film bulk acoustic wave resonator (FBAR) and a 2-port HBAR, consistent with the Equation ([8](#Equ8){ref-type=""}) and our experimental results in^[@CR36],[@CR45]^. Unlike an FBAR, HBAR has multiple high Q resonance peaks that are spaced by Δ*f* = 43 MHz for a 100 *μ*m thick silicon substrate. The HBAR has a large time constant and acts as a delay element where the effective delay can be calculated as Δ*t* = (2*Q*~*n*~)/*w*~*rn*~, which is 330 ns at 3 GHz with a Q of 3000.

Results {#Sec6}
=======

MASH oscillator with strain feedback {#Sec7}
------------------------------------

Figure [3(a,b)](#Fig3){ref-type="fig"} shows the block diagram and modular modeling of MASH oscillator implemented with an STNO and a 1-port HBAR stress generator on the opposite sides of the silicon substrate with strain feedback. Magnetization of the free layer is controlled using an AC stress generated by the HBAR with magnetostriction effect^[@CR46]--[@CR49]^. In the presence of a uniaxial mechanical stress and external magnetic field in the $\documentclass[12pt]{minimal}
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                \begin{document}$${\overrightarrow{H}}_{mech}=2{B}_{eff}S/{M}_{s}$$\end{document}$ where *B*~*eff*~ is the magnetoelastic coupling coefficient. The magnetoelastic coupling coefficient for 2 nm CoFeB is measured to be −9 × 10^7^ erg/*cm*^3^ in^[@CR46]^, and the HBAR can generate AC strain in the range of 20--200 ppm depending on the output voltage of the SNTO and amplifier gain. This amount of strain injects an AC magnetic field of 4.5--45 *Oe* on the free layer. The injected magnetic field causes a phase shift in the STNO and the oscillation frequency changes to compensate the phase shift, causing the locking. When locked, the phase of the STNO follows the phase of the injection signal^[@CR51],[@CR52]^. Since the HBAR continuously cleans the STNO signal and generates a high Q injection signal in the loop, the linewidth of the STNO improves with the simultaneous effect of high Q filtering and delayed feedback by the HBAR. Figure [3(c)](#Fig3){ref-type="fig"} presents the locking range of the STNO for different amplifier gains and substrate thicknesses (100 *μ*m and 200 *μ*m) simulated with an FBAR. The locking range can be calculated by using Adler's equation:$$\documentclass[12pt]{minimal}
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                \begin{document}$${I}_{inj}\ll {I}_{osc}$$\end{document}$, predicting a linear locking range with increased *I*~*inj*~. However, MASH oscillator produces its own *I*~*inj*~ by driving the HBAR at or near resonance. Therefore, *I*~*inj*~ does not linearly increase with increased amplifier gain, showing a non-linear locking range. Amplifier gain can be reduced by increasing the output voltage of the STNO or using a material stack with higher magnetostrictive and piezoelectric coefficients. The substrate thickness (*t*~*Si*~) also affects the gain needed for locking since the thicker substrate (*t*~*Si*~ = 200 *μ*m) can generate lower strain.Figure 3Implementation of MASH oscillator with strain feedback: (**a**) A three-terminal MTJ and 2-port HBAR are fabricated on the opposite sides of the same silicon substrate, and coupled to each other with strain due to the magnetostriction effect. (**b**) Modular modeling of transport, magnetization, and resonator dynamics. (**c**) Locking range versus amplifier gain for two different substrate thicknesses (100 *μ*m and 200 *μ*m) simulated with an FBAR where thicker substrate (*t*~*Si*~ = 200 *μ*m) requires larger gain since it can generate lower strain. (**d**) Tunability is achieved with *V*~*tune*~ by locking the STNO to the nearest HBAR peak. The thickness of the substrate determines the tuning-steps by defining the spacing between the HBAR modes.

Figure [3(d)](#Fig3){ref-type="fig"} presents tunability of MASH oscillator with the strain feedback where the STNO is locked to the nearest peak of the HBAR that are separated by 43 MHz for a 100 *μ*m thick HBAR. Therefore, MASH oscillator can be tuned with 43 MHz steps by changing *V*~*tune*~. When locked, MASH oscillator demonstrates a significant enhancement in the linewidth with the combination of high Q filtering and delayed feedback. The tuning step can be decreased if the spacing between the HBAR modes are reduced. For instance, separation between the modes becomes 22 MHz when *t*~*Si*~ is 200 *μ*m, showing a step tunability of 22 MHz. However, this also decreases the amount of stress generated by the HBAR, requiring higher amplifier gain for the feedback as shown in the Fig. [3(d)](#Fig3){ref-type="fig"}.

MASH oscillator with current feedback {#Sec8}
-------------------------------------

Figure [4(a,b)](#Fig4){ref-type="fig"} presents the implementation of MASH oscillator with a three-terminal MTJ and a 2-port HBAR using the current feedback. Voltage across the MTJ (*V*~*STNO*~) is amplified by a gain stage and filtered by a 2-port HBAR filter, allowing the signal transmission only at its sharp resonance peaks. The filtered current output of the HBAR can be expressed as:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\eta }_{HBAR}^{2}$$\end{document}$)/(*R*~*xn*~ + *R*~*SHE*~) that is used to generate an AC spin current through the SHE metal (*I*~*sinj*~ = *I*~*inj*~*β*), causing an injection locking. Even though the geometric factor (*l*~*SHE*~/*t*~*SHE*~) in Equation ([3](#Equ3){ref-type=""}) can be used to provide an intrinsic gain in the loop, this gain is not sufficient. Therefore, an additional amplifier is used to compensate the transmission losses and provide the gain necessary for the feedback.Figure 4Implementation of MASH oscillator with current feedback: (**a**) A three-terminal MTJ and a 2-port HBAR are fabricated on the same silicon substrate, and coupled to each other with the current feedback. (**b**) Modular modeling of transport, magnetization, and resonator dynamics. (**c**) Locking range versus amplifier gain for two different substrate thicknesses (100 *μ*m and 200 *μ*m) simulated with an FBAR. The thicker substrate (*t*~*Si*~ = 200 *μ*m) does not affect the gain needed for the locking. (**d**) Tunability can be achieved with 22 MHz or 43 MHz steps depending on the substrate thickness (*t*~*Si*~) using the same amplifier gain by locking the nearest high Q peaks of the HBAR.

Figure [4(c)](#Fig4){ref-type="fig"} presents the locking range of the STNO for different amplifier gains and substrate thicknesses (100 *μ*m and 200 *μ*m) simulated with an FBAR. Similar to strain feedback, we do not have a linear locking range since *I*~*inj*~ shows non-linear characteristics by driving the HBAR at or near resonance. Nevertheless, the simulation results seem consistent with Equation ([7](#Equ7){ref-type=""}) and experimental results where injection locking is achieved by an external current source^[@CR23],[@CR25]^. Compared to the strain feedback, a lower amplifier gain is sufficient to reach a similar locking range and it does not depend on the substrate thickness (*t*~*si*~), proving that the current feedback is more efficient. Amplifier gain can further be decreased by reducing the transmission loss that depends on the lateral spacing between the input and output electrodes of the HBAR. Figure [4(d)](#Fig4){ref-type="fig"} shows the tunability of MASH oscillator where the output frequency can be tuned with 43 MHz steps by changing *V*~*tune*~ for a 100 *μ*m thick HBAR similar to the strain feedback. Using a thicker substrate (*t*~*Si*~ = 200 *μ*m) reduces the separation (Δ*f* = 22 MHz) between the HBAR modes, and this enables a tunability with 22 MHz steps without increasing the amplifier gain.

MASH oscillator with magnetic field feedback {#Sec9}
--------------------------------------------

Figure [5(a,b)](#Fig5){ref-type="fig"} shows the implementation and circuit model of MASH oscillator with an STNO including a CPW and a 2-port HBAR filter using the magnetic field feedback. Voltage oscillations across the MTJ is shaped by the HBAR. Output current of the HBAR is passed through the CPW after a certain delay to injects an AC magnetic field on the free layer, providing the magnetic field feedback. In the presence of the magnetic feedback, effective field becomes $\documentclass[12pt]{minimal}
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                \begin{document}$${\overrightarrow{H}}_{CPW}\approx {I}_{ac}\mathrm{/2}{w}_{CPW}$$\end{document}$ where *I*~*ac*~ is the AC current passed through the CPW. When driven at resonance $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(w={w}_{rn}=\sqrt{{k}_{xn}/{m}_{x}})$$\end{document}$, HBAR becomes a low impedance path with *Z*(*w*~*rn*~) = *R*~*xn*~/$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\eta }_{HBAR}^{2}$$\end{document}$. Therefore, the AC current becomes *I*~*ac*~ = (*A*~*amp*~*V*~*STNO*~ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\eta }_{HBAR}^{2}$$\end{document}$)/(*R*~*xn*~ + *R*~*CPW*~) that is used to generate an AC magnetic field through the CPW where *R*~*CPW*~ is assumed to be 1 kΩ. Similarly, the generated magnetic field causes a phase shift and oscillation frequency changes to compensate the phase shift. Therefore, the combination of high Q filtering and delayed feedback improves the linewidth significantly. Moreover, this approach provides the most efficient feedback approach even though it requires additional process steps to fabricate the CPW on top of the MTJ. It also provides an electrical isolation between the MTJ and HBAR while achieving the feedback.Figure 5Implementation of MASH oscillator with magnetic field feedback: (**a**) A three-terminal MTJ with a CPW and a 2-port HBAR are fabricated on the same silicon substrate, and coupled to each other with the magnetic field. (**b**) Modular modeling of transport, magnetization, and resonator dynamics. (**c**) Locking range versus the amplifier gain for two different substrate thicknesses (100 *μ*m and 200 *μ*m). The thicker substrate (*t*~*Si*~ = 200 *μ*m) does not affect the gain needed for locking. (**d**) Tunability can be achieved with 22 MHz or 43 MHz steps depending on the substrate thickness using the same amplifier gain by locking to the nearest high Q peaks of the HBAR.

Figure [5(c)](#Fig5){ref-type="fig"} presents the locking range for different amplifier gains and substrate thicknesses (100 *μ*m and 200 *μ*m) simulated with an FBAR using the magnetic field feedback. Gain stage is only used to compensate the transmission losses of the HBAR and even a gain of 10 dB is sufficient for the feedback, much lower compared to other feedback methods. The locking range is independent of the substrate thickness and it is not necessary to increase the amplifier gain for thicker substrates (*t*~*Si*~ = 200 *μ*m) unlike the strain feedback. Figure [5(d)](#Fig5){ref-type="fig"} shows the tunability of MASH oscillator with magnetic feedback where the tunability is provided with 22 MHz or 43 MHz steps depending on the substrate thickness (*t*~*Si*~ = 100 *μ*m or 200 *μ*m) by locking the STNO to the nearest resonance peak of the HBAR.

Discussion {#Sec10}
==========

In this paper, we proposed a new class of microwave oscillators combining the tunability of a free running STNO with high Q of HBAR, integrating both reference and tunable oscillators on the same chip with CMOS circuits. Proposed MASH oscillators are composed of a high Q HBAR reference oscillator that is locked to a three-terminal MTJ through strain, current, or magnetic field feedback. HBAR filters voltage oscillations across the MTJ and reinjects the cleaned signal after a certain delay, causing a delayed feedback without requiring an additional source or an external delay element. Figure [6](#Fig6){ref-type="fig"} compares simulated FFT spectrums of a free running STNO with MASH oscillators using different feedback methods. The combination of high Q filtering and delayed feedback exhibits a 15X enhancement in the linewidth as a single chip oscillator, reaching a Q up to 15834 at 3 GHz whereas the free running STNO has a Q of 1147.Figure 6Simulated PSD (Power Spectral Density) spectrums of free running STNO and MASH oscillators with different feedback methods. Linewidth and Q of the oscillators are extracted by fitting a Lorentzian function to PSD spectrums. MASH oscillators exhibit a 15X enhancement in the linewidth compared to the free running STNO, exceeding Q of 10000 with all feedback methods. PSD spectrums of MASH oscillators are intentionally shifted for a clear comparison. PSD spectrum clearly shows that there are no side peaks caused by the other resonance peaks of the HBAR.

Table [1](#Tab1){ref-type="table"} summarizes the results with a free running STNO and MASH oscillators, considering the different feedback methods, amplifier gain, oscillator linewidth and oscillator Q. Strain feedback provides a solution where single or multiple STNOs can be controlled with a single HBAR at the cost of larger amplifier gain whereas current and magnetic field feedback are more energy efficient and do not require any magnetostrictive materials. The CoFeB and AlN stacks used in this work do not have high magnetostriction and piezoelectric coefficients to generate a sufficient amount of magnetic field without an amplifier. Selection of materials with higher magnetostrictive and piezoelectric coefficients such as Terfenol and PZT may generate higher magnetic field^[@CR47]--[@CR49]^, reducing the amplifier gain necessary for the feedback. However, the use of CoFeB and AlN layers is still a good choice since they are well optimized and CMOS compatible.Table 1Summary of results with a free running STNO and MASH oscillators implemented using different feedback methods.FeedbackImplementationGainLinewidth at 3 GHzOscillator *Q*CMOS CompatibleFree running3-T MTJN/A2.7 MHz1147Yes, single chipStrain3-T MTJ-1 port HBAR44 dB191 kHz15834Yes, single chipCurrent3-T MTJ-2 port HBAR26 dB293 kHz10376Yes, single chipCurrent3-T MTJ-2 port Sapphire HBAR26 dB55 kHz52825No, two chipsMagnetic3-T MTJ-2 port HBAR- CPW10 dB186 kHz12274Yes, single chip3-T designates 3-Terminal devices. Gain column indicates the necessary amplitude for feedback.

Proper choice of the acoustic substrate is essential in order to implement a high Q HBAR since Q of the HBAR depends on the acoustic losses in the piezoelectric film and substrate. Use of a lower loss substrate such as sapphire significantly increases the Q of the HBAR up to 22,000 as experimentally observed in one of our earlier works^[@CR36]^, also increasing the Q of the MASH oscillator. We have shown a 50X enhancement in the linewidth with two-chip version of the MASH oscillators using the sapphire HBAR in^[@CR45]^ at the cost of being CMOS-incompatible.

It is also crucial to maintain the tunability of the standard STNO while improving the linewidth. The tunability has been preserved by locking the STNO to the nearest peak of the HBAR where the substrate thickness determines the tuning-steps by defining the spacing between the HBAR modes.

Methods {#Sec11}
=======

MASH oscillators are implemented by combining the sLLG equation for magnetization dynamics and transport equations for SHE and MTJ self-consistently with the BVD circuit for the HBAR using the modular approach framework^[@CR37]^. HSPICE is used to solve the simultaneous coupled differential equations of the oscillator network. All simulations are done using the transient noise analysis in HSPICE with a simulation time of *t*~*sim*~ = 10 *μ*s and a step time of *t*~*step*~ = 0.1 ps. *t*~*step*~ is selected as small as possible to completely eliminate numerical noise in the simulations. Frequency spectrum is obtained by taking the FFT of the time domain signal. Initial 0.1 *μ*s of the data is excluded while converting the time domain signal to the FFT. The minimum and maximum frequency of FFT are calculated by *f*~*min*~ = (1/Δ*t*) = 1/(*t*~*stop*~ + *t*~*start*~) and *f*~*max*~ = 0.5 × *N* × *f*~*min*~ where *N* is number of points. In our simulations, we used *f*~*min*~ = 0.1 MHz and *f*~*max*~ = 13.1 GHz for N = 262144. PSD is plotted by having the square of absolute of FFT. Linewidth (Δf) of the oscillators is extracted by fitting a Lorentzian function to the PSD data, and Q is calculated using *f*~*r*~/Δf. Table [2](#Tab2){ref-type="table"} presents device and material parameters used in all simulations.Table 2Device and material parameters used in all simulations.ParametersValue*V*100 nm × 60 nm × 2 nm*M*~*s*~, *α*800 emu/*cm*^3^, 0.01*H*~*an*~, *H*~*d*~200 Oe, 10000 Oe*R*~*MTJ*~, *P*~*MTJ*~400 Ω, 0.6*R*~*read*~, *R*~*L*~400 Ω, 50 Ω*θ*~*SHE*~, *λ*~*sf*~, *ρ*~*W*~^[@CR42]^0.4, 3.5 nm, 210 *μ*Ω*cml*~*SHE*~, *w*~*SHE*~, *t*~*SHE*~^[@CR42]^60 nm, 100 nm, 9 nm*B* ~*eff*~ ^[@CR46]^−9 × 10^7^ erg/*cm*^3^*H*~*ext*~, *V*~*read*~, *V*~*tune*~300 Oe, 10 mV, 15--50 mV*E*~*Si*~, *ρ*~*Si*~, *ε*~*AlN*~, *e*~33~170 GPa, 2330 g/*cm*^3^, 9, 1.55 C/*m*^2^*r*~*HBAR*~, *t*~*AlN*~75 *μ*m, 1 *μ*m*w*~*CPW*~, *R*~*CPW*~100 nm, 1 kΩ*t*~*sim*~, *t*~*step*~ (SPICE)10 *μ*s, 0.1 ps*f*~*min*~, *f*~*max*~, *N* (FFT)0.1 MHz, 13.1 GHz, 262144
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